Introduction
Hearing loss in thyroid dysfunction was first recognized more than 100 y ago (Bircher, 1883) . Since then several types of thyroid abnormalities have been distinguished in relation to hearing problems. These include non-genetic sporadic and endemic hypothyroidism and genetic deviations such as Pendred's syndrome and resistance to thyroid hormone. However, the exact nature of the link between the endocrine and auditory systems has not been elucidated (Leedman, 1996; Forrest, 1996; Brucker Davis et al, 1996; Boyages et al, 1988) . Earlier studies on endemic hypothyroidism mostly focused on one of the most extreme consequences of iodine deficiency, endemic cretinism, and its relation to deafness and deaf-mutism. More recently ecological studies in China (Boyages et al, 1989) , Iran (Azizi et al, 1995) , Italy (Vermiglio et al, 1990) and France (Valeix et al, 1992) have shown that hearing thresholds in apparently normal persons living in iodine-deficient areas are higher than those of persons living in iodinereplete areas.
Therefore, as part of a study on iodine status and mental performance of school children aged 7 -11 y in an iodinedeficient area in northern Benin, hearing thresholds in the study population were measured with the aim of determining their relationship to mental performance and to different variables representing iodine status.
Subjects and methods

Study area and subjects
The study was carried out in 197 children from four villages in the province of Atacora, district of Basila, northern Benin, where iodine deficiency was a problem of public health importance. The population is mainly engaged in subsistence farming. The villages have neither electricity nor clean drinking water. Children from grades 2 and 3 in the four primary schools in the study area were considered for enrollment. From two of the four schools all girls were excluded as they had been supplemented orally with iodized oil in the previous year. The socio-economic conditions of the large, extended households to which the children belonged were poor: subsistence farming was the main occupation, while landholding size was small. Levels of parental education were low (Table 1) .
The study was approved by the health and education authorities of the province of Atacora, Benin and by the Medical Ethics Committee of the Division of Human Nutrition and Epidemiology of Wageningen University. The aim of the study was explained to local administrative and traditional authorities, parents and teachers. Having obtained verbal approval from local authorities, the parents and the parents -teachers association, all children selected were examined by a physician. Several children with skin or respiratory infections and malaria were treated, but no children were excluded on health grounds.
Study design
The study was set up as a double-blind placebo-controlled intervention. Children were stratified by school, school class and sex and subsequently matched on the basis of age and height-for-age. From each pair of children, one child was randomly allocated to one of two groups. The groups were then randomly allocated to receive iodine supplementation or a placebo. Iodized oil (Lipiodol UF 7; 540 mg I=ml) and the placebo (poppyseed oil) were provided by Guerbet Laboratories (Aulnay-sous-Bois, France). Iodized oil and poppyseed oil were dispensed as a single dose (1.0 ml), administered orally with a Swift 7 dispenser (English Glass Company, Leicester, UK) in January 1996.
A baseline survey was carried out before supplementation, in October -November 1995, including the administration of mental development tests, anthropometric measurements and collection of urine and blood samples. All these measurements were repeated in the same period in 1996. Additional urine samples were collected one week and 5 months after supplementation, ie in January and May 1996. Approximately 3 -4 months after the start of the intervention period of 11 months the population began to have access to iodized salt. Audiometry was performed only at the end of the study in December 1996. Thus, at that point in time the study population consisted of one group of children who had received iodine supplementation 11 months earlier (n ¼ 97) and one group who had received a placebo (n ¼ 100) while both groups had had access to iodized salt for a period of approximately 6 -7 months.
Somatic and biochemical indicators
Anthropometric measurements were made in duplicate. Height was measured to the nearest mm, using a microtoise (Stanley 1 ; Besançon, France). Weight was measured to the nearest 0.25 kg using a spring scale, which was calibrated with a 20 kg weight after every 25 children. Venous blood was drawn from the antecubital vein for assessment of free thyroxine, thyroid stimulating hormone, thyroglobulin and ferritin in serum and haemoglobin in whole blood. Casual urine samples were collected for determination of iodine concentrations. Procedures followed and assay methods used for assessment of these variables have been described elsewhere (van den Briel et al, 2000) .
Hearing thresholds were measured using a simple battery-operated audiometer (model EB-60; Eckstein Bros Inc.; Hawthorne, CA, USA) with seven frequencies (250, 500, 1000, 2000, 3000, 4000 and 6000 Hz) and an attenuator range of 0 -80 dB. Both ears were tested separately at all frequencies for the lowest intensities (in 5 dB steps) that could still be heard. Measurements were carried out in rooms kept as quiet as possible, away from the main school activities.
Mental tests
A set was composed of mostly non-verbal mental tests, measuring different mental abilities (Ekstrom et al, 1979; Thurstone, 1969) and one psychomotor test (see van den Briel et al, 2000) . These tests have been used under conditions comparable to those found in rural Benin, requiring very little or no vocabulary skills of the child being tested. After pretesting in a nearby village, the tests were administered by a team of four Beninese (two teachers, two university graduates) who had been trained to conduct the tests by a psychologist. 
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Data analysis
To check the normality of data, the Kolmogorov -Smirnov test was used. Pearson correlation coefficients were calculated for the relationship between variables reflecting iodine status and hearing threshold, after log-transformation of non-normally distributed variables. Results on mental tests were expressed as Z-scores. For determining the correlation between hearing threshold and results on mental tests a non-parametric (Spearman) test was used as four of the nine variables were not normally distributed. All children were also allocated to one of three groups, based on tertile values for each of four iodine variables, as well as on tertile values for hearing thresholds. Differences between groups were assessed using Student's t-test or the Mann -Whitney test. Differences in hearing thresholds between the groups were assessed using analysis of variance tests (one-way ANOVA). All data were processed and analysed using SPSS-PC software (SPSS-Windows 6.1; SPSS Inc. Chicago, IL, USA). Anthropometric indices were calculated using Epi-Info (version 6.02; CDC, Atlanta, GA, USA).
Results
Somatic and biochemical characteristics
Based on a reference population (WHO, 1983) , the proportion of children who were stunted (height-for-age <72 s.d.) at the beginning of the study was one-third, while 17% had low weight-for-age (<72 s.d.) and 2% were wasted (weight-for-height <72 s.d.). These proportions did not change significantly during the study. Based on criteria established by WHO=Unicef=ICCIDD (1994) the study population was moderately to severely iodine deficient (median urinary iodine concentration, 0.16 mmol=l) at the start of this study. During the study the population began to have access to iodized salt. This resulted in improvement of the iodine status of the whole group, which was mildly iodine deficient 10 months after supplementation, 1 y after the baseline survey (median urinary iodine concentration, 0.67 mmol=l; Table 2 ). Initially one-third of the children were anaemic (haemoglobin <110 g=l), while at the end of the study 19% of the children were anaemic.
Hearing thresholds
Based on the WHO (WHO Programme for the prevention of deafness and hearing impairment (PDH), 1999) definition and classification, which recommends that the mean value from the better ear for four frequencies (500, 1000, 2000 and 4000 Hz) be used, 4% of the children had slight hearing impairment (ie a threshold between 26 and 40 dB). Based on the mean of values obtained from the left and right ears, 7% of the children had slight hearing impairment. The mean hearing threshold was 17.1 dB. Of the four iodine indicators measured, only serum thyroglobulin concentration showed a significant correlation with mean hearing threshold over the seven frequencies used (Table 3) .
There was a significant difference in the mean hearing threshold on seven frequencies between the tertile with the lowest and that with the highest thyroglobulin concentration (one-way ANOVA, LSD; P ¼ 0.047). The pattern was very consistent, with the group with the higher thyroglobulin concentration having a higher hearing threshold at each of the frequencies applied, the differences becoming significant at the higher frequencies (Figure 1 ). The same consistent pattern was seen when children were divided into tertiles based on urinary iodine concentration, with the children with lower urinary iodine concentration hearing less well at each of the frequencies applied, but here the differences did not reach significance (data not shown).
Hearing thresholds and mental performance
Hearing thresholds were negatively associated with performance on almost all the mental tests administered (Table  4) . Similarly, if children were divided into groups on the Iodine deficiency and hearing threshold T van den Briel et al basis of tertile values for overall hearing thresholds, children in the higher hearing threshold tertile performed significantly worse on the total mental test battery than did children in the lower tertile (P<0.001; Table 5 ).
Discussion
This study demonstrates that even in a mildly iodine deficient population, hearing threshold is associated with iodine status as measured by serum thyroglobulin concentration. Hearing thresholds in groups with higher concentrations of thyroglobulin in serum are higher than in groups with lower concentrations of thyroglobulin. Thus, children with poorer iodine status could hear less well. The differences are most marked in the higher frequency range, ie >2000 Hz. Goslings et al (1975) and Delong (1987) in their studies on endemic cretinism have reported similar findings in Indonesia and Ecuador, respectively. Of the iodine variables studied, serum thyroglobulin concentration is the one most closely associated with hearing performance. The population studied was regarded as iodine deficient because of the low concentration of urinary iodine and elevated concentration of serum thyroglobulin, even though serum concentrations of thyrotropin and free thyroxine were within the normal range. Such discrepancies have been reported earlier in iodine-deficient Figure 1 Hearing thresholds in decibels (means þ s.d.) in tertile groups with high or low concentrations of serum thyroglobulin. P-values representing significance of differences between groups are indicated above each set of bars (independent samples t-test; two-tailed). Iodine deficiency and hearing threshold T van den Briel et al populations in Indonesia (Pardede et al, 1998; Untoro, 1999) and Algeria (Benmiloud et al, 1994) . Although opinions differ as to which indicator of iodine deficiency is the best for this age group, urinary iodine concentration or serum thyroglobulin concentration, serum thyroglobulin concentration is considered to be a more sensitive indicator of iodine deficiency in this age group than thyrotropin or free thyroxine (Missler et al, 1994; WHO=Unicef=ICCIDD, 1994) . The association we found between hearing and mental performance is in agreement with other studies, such as that in China by Boyages et al, (1989) . This finding raises the question whether there is interaction between the two. Do children perform less well on mental tests because of their hearing problems? As the tests addressed abilities not related to learning in school, and the children had only mild hearing impairment, it is unlikely that their higher hearing threshold results in impaired performance on the mental tests used. Data on the relationship between improvement in iodine status and mental performance reported earlier (van den Briel et al, 2000) showed that the group of children whose iodine status improved, as measured by an increase in urinary iodine concentration, demonstrated a greater improvement in mental performance than the group of children whose iodine status remained unchanged during this period. Although hearing was measured only at the end of the study period, urinary iodine concentration and serum TG concentration at baseline did not differ between children with higher hearing thresholds and those with lower hearing thresholds. However, by the time hearing thresholds were measured, children with lower hearing thresholds had higher urinary iodine concentration and lower serum TG concentration than those with higher hearing thresholds (data not shown). Conversely, children with better iodine status had lower hearing thresholds (see data with respect to serum thyro-globulin concentration in Figure 1 ). This would suggest that the differences in hearing result from the recent differentiation in iodine status.
In studies into neurologic manifestations of cretinism, hearing problems have been ascribed to poor development of the cochlea and of the cerebral neurons, induced by a critical degree of hypothyroidism during the early second trimester of pregnancy (Delong, 1987) . That in-utero and neonatal hypothyroidism result in impaired development of both hearing and mental function has been demonstrated in studies in various animal species, rodents in particular (Hebert et al, 1985; Goldey et al, 1995; Ruiz-Marcos et al, 1983) . In congenital and acquired hypothyroidism in man, hearing deficits seem to be mostly of the sensorineural type, but conductive or mixed type deficits also occur (Rovet et al, 1996; Anand et al, 1989) . This would imply multiple lesion sites, including the middle ear, cochlear and retrococlear sites. A number of recent studies have focused on the molecular genetic aspects of auditory defects in patients with resistance to thyroid hormone or with Pendred's syndrome (Leedman, 1996; Brucker Davis et al, 1996; Cremers et al, 1998) . Although these defects and congenital hypothyroidism often have deafness and goiter in common, the genetic basis for these syndromes appears to be different (Forrest, 1996) .
Studies on changes in hearing in patients with sporadic, congenital or acquired hypothyroidism following treatment have not produced consistent results. Some studies have shown that hearing impairment may be reversed (Anand et al, 1989) , others do not allow conclusions about reversibility to be drawn as treatment had been going on for some time and baseline data were not available (Francois et al, 1994; Vanderschueren-Lodeweyckx et al, 1983) . However, hearing impairment was shown to be reversed in apparently normal children living in an iodine deficient area in China 1 y after the introduction of iodized salt and continued to improve for a further year (Wang & Yang, 1985) . In the latter study the hearing impairment observed was ascribed to subclinical, acquired hypothyroidism as a result of prolonged severe iodine deficiency.
Hypothyroidism may affect various aspects of the auditory system differentially depending on its timing, severity and duration. The mechanisms by which a lesion may be reversed will depend on its site and nature. Some authors have claimed that an improvement in general wellbeing as a result of improved iodine status would in itself be sufficient to explain better performance on hearing tests (Anand et al, 1989) . Our study was not aimed at elucidating types of auditory lesions, but at addressing the question whether, in a mildly iodine-deficient child population, there is a relationship between iodine status, hearing and mental performance.
The findings in this study provide further justification for the large salt iodization programmes being undertaken worldwide. Although the causes of hearing impairment in relation to iodine deficiency are not fully understood, our results suggest that access to iodine affects hearing as well as mental performance. Public health officials should continue to promote adequate iodine intake through salt iodization programs and other means.
